Resistance to methicillin was transduced by phage 80 or 53 from two naturally occurring methicillin-resistant strains of Staphylococcus aureus to methicillinsusceptible recipient strains at frequencies of 10-v to . Ultraviolet irradiation of transducing phage and posttransductional incubation at 30 C were essential for useful frequencies of transduction. Effectiveness as a recipient for this transduction was highly specific. Strain NCTC 8325 (PS47) in its native state was an ineffective recipient but became effective after it had received by transduction one of several penicillinase plasmids. This acquired effectiveness was retained in most cases after elimination of the plasmid by ethidium bromide treatment. Like the donor strain, the progeny were heterogeneous in the degree of their resistance to methicillin, which was expressed by a higher proportion of cells as the temperature of incubation was lowered from 37 to 30 C. Separate transductants varied widely in the degree of resistance acquired by transduction. Methicillin resistance was stable in the donor and transductant strains. We favored the interpretation that methicillin resistance in our strains was determined by a single chromosomal gene, although the possibility that it was determined by two or more closely linked genes could not be excluded.
The genetic determinants of resistance to antibiotics have proven to be useful markers in the investigation of the genetic constitution of Staphylococcus aureus. Depending on the antibiotic, the genes mediating resistance may occur on plasmids, on the chromosome or, in some cases, in either position (18, 23) . The most thoroughly studied marker is resistance to benzylpenicillin, caused by hydrolytic inactivation of the antibiotic by the enzyme penicillinase. The structural gene for this enzyme together with closely linked regulatory genes may be situated either on a plasmid or on the chromosome (4, 22, 23) .
Methicillin is the prototype of a group of semisynthetic penicillins that are resistant to staphylococcal penicillinase and thereby circumvent the clinical problem posed by infections by penicillin-resistant staphylococci. Shortly after the advent of methicillin, staphylococci were detected that were resistant to these agents and to the cephalosporin antibiotics as well. Although still rare in the United States, methicillin-resistant staphylococci are being isolated with increasing frequency in other countries, usually in hospital patients (20) . Resistance to methicillin has no recognizable enzymatic basis but it does possess distinctive features. Resistant strains are heterogeneous, that is only a small proportion of cells form colonies when they are cultivated at 37 C in ordinary media containing elevated concentrations of methicillin (24) . If the temperature is lowered to 30 or 25 C or if high concentrations of inorganic salts, such as NaCl or (NH4)2SO4, are added to medium incubated at 37 C, the proportion of cells forming colonies in elevated concentrations of methicillin may approach 100% (1, 5) . In the clones that grow at elevated concentrations of methicillin, all the cells are highly resistant, but when they are subcultured in methicillin-free medium, the proportion of highly resistant cells often reverts to the original distribution (12) . The genetic basis, if any, of this phenomenon is unknown.
In the past, genetic studies of the nature of methicillin resistance have been frustrated by the absence of any method of genetic transfer. Recently Dornbusch, Hallander, and Lofquist (11) reported the transduction of the genetic determinant of methicillin resistance and came to the conclusion that it resided on a plasmid in their 1158 TRANSDUCTION OF METHICILLIN RESISTANCE strains. In this paper we present evidence for the phage-mediated transduction of methicillin resistance from two naturally occurring resistant strains. Transduction was dependent on an unusual specificity of the recipient strains. Methicillin resistance in our strains had properties of a chromosomal marker, in contrast to those investigated by Dornbusch et al. (11) .
MATERIALS AND METHODS
Organisms. The nomenclature of strains of S.
aureus and their genetic markers follows that of Peyru, Wexler, and Novick (21) . In this system penicillinase plasmids are designated by the letter P followed by the Roman numeral I or II to designate the plasmid maintenance-compatibility locus and then by a subscript indicating the original host strain of the plasmid. The maintenance-compatibility locus does not figure in this paper and we have omitted its symbol. Thus, 258(P5c5) signifies strain 258 containing a plasmid originally found in strain 55Cl. The prefix N before a strain designation signifies that it has been cured of the indicated plasmid. The designation cp signifies a chromosomal penicillinase linkage group containing regulatory and structural genes for penicillinase (4, 22, 25) . The strain from which a cp was derived is indicated by a subscript.
The naturally occurring methicillin-resistant strains employed were isolated in Seattle by Gravenkemper, Brodie, and Kirby (14) and supplied by Benner (6). They were strain Russell, phage type 53/77, resistant to penicillin, erythromycin, tetracycline, and streptomycin and strain Villaluz, phage type 53/77/83A, resistant to penicillin and streptomycin. These strains are referred to hereafter as C4 and C5. Each strain carried a penicillinase plasmid demonstrable by cotransduction of penicillinase and resistance to Cd2+ (19) .
The usual recipient strain, 8325(P524), was received from R. P. Novick who had prepared it by transducing the plasmid into NCTC 8325, the propagating strain for phage 47 (16) . We obtained the original strain 8325 free of a penicillinase plasmid from the Center for Disease Control, Atlanta. Strain 8325 and its plasmid-cured derivative, N8325(P524), were equally susceptible to methicillin, penicillin, streptomycin, tetracycline, erythromycin, chloramphenicol, and kanamycin. Their phage types were the same, 47/53/75. However, at 1,000 times the routine test dilution (RTD), 8325 was also lysed by phages 7, 29, 52, 52A, 54, 75 and slightly by 80, whereas N8325(P524) was lysed by phages 7 and 54.
Properties of other staphylococci have been described (9, 10, 25) with the exception of strain A20, a clinical isolate that was not typable at RTD and was 47/53/54/83A at 1,000 X RTD. It was susceptible to methicillin and resistant to penicillin, streptomycin, tetracycline, erythromycin, kanamycin, and chloramphenicol.
Bacteriophage. Staphylococcal phages of the international typing series were propagated in soft tryptic soy agar (Difco; reference 7). Phage was grown in lytic cycle from lysogenic organisms after ultraviolet induction. The organism was inoculated into Nutrient Broth (Difco) at an initial optical density (OD) of 0.05 measured in a 19-mm cuvette at 540 nm in a Coleman Jr. spectrophotometer. It was grown with shaking at 37 C for about 4 hr to an OD of 0.25. The cells from 10 ml of culture were collected in the centrifuge, washed with 0.85% NaCl solution, and resuspended in 9 ml of the same solution. This was irradiated for 10 sec with shaking in a glass petri dish (100 mm in diameter) at a distance of 30 cm from a General Electric germicidal lamp. The energy delivered was 18 ergs per sec per mm2. The suspension was mixed with 1 ml of Nutrient Broth prepared at 10 times normal concentration and incubated at 37 C until lysis was complete. The lysate was sterilized by membrane filtration.
Phage typing was performed with the set of phages and the procedures of Blair and Williams (7) .
Transduction. washed with BHI broth, the cells were incubated in 10 ml of the broth for 3 hr and then plated on BHI agar containing 400 ,ug of streptomycin per ml. Transductants were enumerated after 40 hr and corrected for the small number of spontaneous mutants in control platings.
Methicillin susceptibility. Quantitative determination of methicillin susceptibility was determined by spotting 20 to 70 CFU of the test strain in 0.02-ml drops on Heart Infusion Agar (Difco) plates containing serial twofold dilutions of methicillin, usually starting with 400 pAg/ml. The inoculum was taken by suspending colonies grown on Heart Infusion Agar containing 12.5 ;sg of methicillin per ml for penicillinase-forming strains and 5 pg/ml for penicillinasenegative strains. Plates were incubated at 31.5 to 32 C to 43 hr in a water-jacketed incubator, and colonies were enumerated. The minimal inhibitory concentration (MIC), determined by interpolation, was that which reduced colony formation to 50% of the control value. In most titrations a culture of C5 was included as a control. This procedure, similar to that of Dyke (12), was based on Annear's observation of the temperature sensitivity of staphylococcal methicillin resistance (1) . In seven determinations the MIC for strain C5 was 141 i 25 (standard deviation) ,ug/ml. Accurate control of the temperature of incubation was important for reproducibility. Methicillin-susceptible staphylococci gave no colonial growth on 1.25 or 2.5 pug of methicillin per ml.
Elimination of plasmids. Log-phase cultures in tryptic soy broth were diluted to contain 104 cells per ml. Ethidium bromide was added in concentrations of 1.0 to 2.5 ,ug/ml (8) . The cultures were incubated at 37 C for 24 hr in the dark. The tube which contained the least concentration of ethidium bromide without visible growth was plated on Heart Infusion Agar plates, incubated overnight and replicated to medium containing 2.5 X 10-4 M Cd(NO3)2. Colonies that failed to replicate were tested for loss of other plasmid markers, including penicillinase formation and resistance to arsenate, bismuth, and mercuric ions (19) .
The same procedure was followed in attempts to eliminate methicillin resistance. In addition, some experiments were performed with acriflavine in concentrations of 12.5 to 50 ;pg/ml incubated for 48 hr (11) . Colonies were replicated to medium containing 12.5 pug of methicillin/ml. The procedure finally adopted was similar to that used for other staphylococcal transductions. Ultraviolet irradiation of the phage greatly enhanced the frequency of transduction and was essential for transduction at a useful rate (Fig.  1) . Sufficient irradiation to reduce plaque formation to 1 to 10% of the original value was optimal. Irradiation for 2 min under our conditions and with reasonably fresh phage gave transduction frequencies in the range of 10-v to 10-8 per PFU of unirradiated phage. In many experiments with unirradiated phage, methicillin-resistant transductants were not obtained and when present their frequency of transduction was approximately 10-9 to 10-10. Similar ultraviolet irradiation of phage 80 propagated on the methicillin-susceptible strain NCTC 9789 (PS80) did not make the phage a vector of methicillin resistance. Thus it appears that the irradiation did not generate mutations in the phage that were manifested by methicillin resistance in the recipient staphylococcus.
The frequency of transduction was proportional to phage input when the multiplicity of infection was <0.2 and at higher values declined progressively (Fig. 2) . Posttransductional incubation in broth for 1 to 4 hr before plating on the selective medium did not increase the proportion of transductants appreciably. Thus, no phenotypic lag in expression of methicillin resistance was detectable under these selective conditions.
A selective concentration of methicillin not exceeding 12.5 ,ug/ml gave the maximal number of transductants with 8325 (P524). Similarly, 5
,ug/ml was the limiting selective concentration More transductants were obtained when the temperature of the post transductional incubation on methicillin agar was 30 C than 32 or 37 C (Table 1) . This result was to be expected from Annear's observations of the temperature sensitivity of staphylococcal methicillin resistance (1) .
Properties of the transducing agent. The usual transducing agent was phage 80 propagated twice on strain C5. Before using it for this purpose, we purified our stock 80 phage by three serial singleplaque passages on PS80. The efficiency of plating of stock 80 phage on strain C5 was 2.5 X 10-4 relative to PS80, whereas that of phage propagated for the second time on strain C5 was 2.6. We do not know whether the transducing phage was mutant or-host modified.
The transducing capacity of the phage 80 lysate was not appreciably reduced by 30 min of incubation at 35 C with 50 ,ug of pancreatic deoxyribonuclease per ml. Furthermore, a rabbit antiserum to stock 80 phage inhibited plaque formation and transduction of methicillin resistance by phage propagated on C5 (Table 2) . Thus, it appears that the genetic transfer of methicillin resistance was in fact phage mediated.
The effectiveness of the phage stored at 4 C for transducing methicillin resistance tended to decline irregularly but appreciably more rapidly than plaque-forming ability. The system is indicated in Table 3 . In sharp contrast to the effectiveness of the plasmid-containing strain 8325 (P524), the original plasmid-free strain 8325 failed to yield any methicillin-resistant transductants in many attempts. The difference was not due to the presence of the penicillinase plasmid, since cured clones of N8325 (P524) were still effective recipients. Both 8325 and 8325 (P524) absorbed equally well (more than 99%) the ability of the transducing phage to form plaques and to transduce methicillin resistance. A preparation of phage 80 propagated on C5 that transduced methicilin resistance to 8325 (P524) and to N8325 (P524) but not to 8325 transduced the penicillinase plasmid with equal fre-VOL. 104, 1970 1 161 Streptomycin resistance in staphylococci has been considered to be a chromosomal marker since its transduction from streptomycin-resistant mutants was enhanced by ultraviolet irradiation of the transducing phage (15) . The frequency of transduction of the naturally occurring streptomycin resistance in C5 was increased fourfold by ultraviolet treatment, and we concluded that it also reflected a chromosomal mutation. Streptomycin resistance was transduced from C5 to 8325 and 8325 (P524) at frequencies of 8 X 108 and 6 X 10-8, respectively, with an ultraviolettreated phage that transduced methicillin resistance to 8325 (P524) at a frequency of 9 x 10-and gave no transductants (<1.6 x 10-) with 8325. Therefore it does not appear that 8325 differed from 8325 (P524) in ability to integrate chromosomal markers generally. (Table 3) .
Properties of transductants. All of 28 methicillin-resistant transductants of 8325 (P524) that were examined retained the recipient's phage type, and all of 117 transductants retained susceptibility to streptomycin, kanamycin, tetracycline, erythromycin, and chloramphenicol. The sole exceptions were eight transductants exhibiting high-level resistance to methicillin (MIC > 400 ,ug of methicillin/ml). These were lysed by 53 phage only at 1,000 X RTD in contrast to the lysis at RTD of the other transductants and the recipient strain.
Transductants grew relatively slowly on the methicillin selection plates at 30 C, becoming visible as pinpoint colonies in about 20 to 24 hr. At 40 hr the transductant colonies varied in diameter from 0.3 to 2 mm. In this respect they resembled the parental strains similarly cultivated on methicillin agar.
Growth in the presence of ethidium bromide or acriflavine failed to cure methicillin resistance from C5 or from two strains of 8325 (P524) transduced to methicillin resistance, with the exception of a single methicillin-susceptible clone obtained from acriflavine treatment of C5 (Table  5 ). This clone differed from its parent in giving coarsely clumped growth in broth. We methicillin resistance in these strains was located on a plasmid. A striling feature of the transductants was the great variation in their degree of methicillin resistance. Table 6 gives results of plate dilution titrations of 11 clones derived from one transduction. Their MIC varied from 12.5 to 400 ,ug of methicillin per ml. Table 6 also shows that most transductants resembled the parental strain in that a higher proportion of cells formed colonies in methicillin agar at 32 than 37 C. Table 7 shows that the methicillin MIC was not greatly changed in three of four transductants that were serially subcultured daily for 7 days in Heart Infusion Broth. Evidently their methicillin resistance was relatively stable.
It will be noted that the methicillin resistance of transductants from strain C5 ranged from values much greater to much less than that of the parental organism. From the progeny of transduction of methicillin resistance from C5 to 8325 (P524), we selected one clone with a methicillin MIC appreciably higher and another lower than that of the parental C5. The methicillin resistance of these two transductants was transduced again by means of their ultraviolet-induced prophage to 8325 (P524). The MIC values of the progeny of the two cycles of transduction varied widely, from concentrations much lower to concentrations much higher than that of each parental strain (Table 8) .
DISCUSSION
In their studies of transduction of methicillin resistance, Dornbusch, Hallander, and Lofquist used as vectors temperate phages which were grown first in lytic cycle after ultraviolet irradiation of their methicillin-resistant hosts and were then propagated on a methicillin-resistant donor strain (11) . The methicillin-susceptible recipient strains were either wild-type or derived from methicillin-resistant strains after acriflavine treatment. They included both penicillinase-positive and -negative strains. Methicillin resistance was transduced at frequencies of 0.2 x 10-8 to 1.1 x 10-8 with no correspondence between multiplicity of infection and number of transductants. Methicillin resistance was transduced coordinately with enterotoxin formation and, in some cases, , hemolysin and penicillinase formation, and resistance to Hg2+ or Cd2+.
Our methicillin-resistant strains, C4 and CS, did not hemolyze 1% sheep blood-agar, and we did not test for enterotoxin formation. We observed no cotransduction of methicillin resistance a Four clones of 8325 (Ps24) transduced to methicillin resistance by 80 phage propagated on C5 were serially subcultured seven times daily in Heart Infusion Broth at 37 C. Their methicillin minimal inhibitory concentration (MIC) values were determined from the progeny of the last subculture and also from the same clones which had been subcultured once at 32 C on methicillinagar (12.5 ,g/ml) and then stored at 4 C. (15) . The difference in effectiveness of the strains tested as recipients for transduction of methicillin resistance is also difficult to explain. Both 8325 and N8325 absorbed transducing phage and expressed other transduced markers with equal facility. Their difference as recipients in transduction of methicillin resistance may have been caused by a type of host-modified restriction, active in 8325 and highly specific for the gene for methicillin resistance. Different genes in X phage are restricted at unequal rates by nonpermissive hosts (3, 26) . Nevertheless, the lack of any evidence of restriction in 8325 of the other markers examined makes this hypothesis unlikely. The simplest explanation is that the gene for methicillin resistance was transduced into 8325 but failed to become integrated into the 8325 chromosome. This interpretation would suggest that there might be abortive transductants for methicillin resistance in 8325 that might produce microcolonies on the methicillin selection plates. We have found none, even on the plates incubated for 3 or 4 days. Other possibilities are that the gene for methicillin resistance was integrated in 8325 but not expressed or that it was lethal. In either case, transductants would not give rise to colonies on methicillin agar.
Introduction of Pc5 or P524 into 8325 appeared to convey coordinately recipient effectiveness for transduction of methicillin resistance. The number of clones tested as yet by this rather tedious procedure is still small in terms of genetic experiments and requires supplementation to confirm the obligatory association of these properties.
Recipient-effectiveness, once gained by 8325 through acquisition of the appropriate penicillinase plasmid was not lost, in most cases, after apparently complete elimination of the plasmid. We have no plausible explanation of this finding. Possibly the transduction of the penicillinase plasmid may have triggered some secondary genetic event, for example loss of a prophage, that affected recipient-effectiveness for methicillin resistance. Alternatively, the effective recipients may have retained some unrecognized fragment of the penicillinase plasmid. This hypothesis may find some support in observations of Watanabe and Ogata (27) . They found that some drug-susceptible segregants derived from Salmonella typhimurium bearing an R factor became unusually effective recipients for the transduction of that R factor. They postulated that these unusual clones retained the RTF moiety of the R factor which rescued otherwise abortive transductants by recombination. Although we have not detected any plasmid markers for resistance to inorganic ions or penicillinase formation in our cured strains, this does not exclude the possibility that a portion of the plasmid with a less readily detectable function may have survived. In this connection we have investigated one plasmid-cured derivative of 8325 (P524) for evidence of a residual maintenance-compatibility locus and found none (21) . Against the hypothesis of a surviving fragment of the plasmid is the fact that the methicillin resistance gene was apparently chromosomal in our strains and therefore need not be expected to have any unusual genetic homology with the penicillinase plasmid.
Methicillin resistant staphylococci are almost always penicillinase positive. In addition, they are usually multiply resistant to other antibiotics and fall into a relatively restricted range of phage types. These associations have been ascribed by Parker and Hewitt to the fact that methicillin resistance confers a selective advantage not only against methicillin but also against penicillins (20) . This resistance would be especially protective for small numbers of cells in low temperature sites, such as the nose or skin, where penicillinase would be less effective. Selection for methicillin resistance would affect primarily hospital strains of staphylococci that would also be likely to be resistant to other antibiotics. Our observations suggest another possibility. Methicillin resistance genes may be available to many strains of staphylococci through the medium of transducing phage but may become established only in a small proportion of strains that are effective recipients.
